The ATP content of round spermatids isolated from hamsters was decreased 90% after 18 h of incubation in the presence of 4\g=m\m-(\m=-\)gossypol and 0\m=.\10%bovine serum albumin (BSA). The ( + )-enantiomer had no effect under these incubation conditions. The Michaelis\p=n-\Mentenconstant Km and the maximal initial velocity Vmax of cellular LDH-C4 were not significantly altered after 18 h of incubation of the spermatids with ( \m=-\)gossypol. Furthermore, there was no effect of ( \m=-\)gossypol on the production of 14CO2 from l-[U-14C]lactate. It is concluded that ( \m=-\)gossypol does not inhibit ATP production in spermatids by an effect on the sperm-specific LDH-C4 enzyme or on the mitochondrial oxidation of pyruvate. Rather, ( \m=-\)gossypol may have an effect on the coupling between electron transport and ATP synthesis in the mitochondria. This action of ( \m=-\)gossypol may not involve the H +-conducting activity of gossypol, but could be produced through binding of ( \m=-\)gossypol to specific mitochondrial proteins.
Introduction
Racemic ( + / -)gossypol acetic acid, isolated from cottonseed, acts as an antispermatogenic agent in men and in a number of animal species, including hamsters (Prasad & Diczfalusy, 1982) . The ( -)-enantiomer of gossypol is the active compound in male hamsters, whereas the ( + )-enantiomer does not exert an effect on spermatogenic cells and spermatozoa (Lindberg et al, 1987) . A specific toxic effect of ( -)gossypol has been shown for cultured tubular fragments from hamsters, using the activity of the lactate dehydrogenase isoenzyme LDH-C4 as a marker (Den Boer & Grootegoed, 1988) .
Several biochemical effects of gossypol have been described, including uncoupling of the linkage between mitochondrial electron transport and ATP synthesis (Abou-Donia & Dieckert, 1974; Tso & Lee, 1982a; Reyes et al, 1984) , inhibition of the mitochondrial electron transport chain (Kim & Waller, 1984) , and inhibition of the glycolytic pathway and the citric acid cycle (Stephens et al, 1983; Wichmann et al, 1983) . The inhibition of the glycolytic pathway and the citric acid cycle could result from inhibition of distinct enzymes. More specifically, an effect of gossypol on the activity of testis-and sperm-specific LDH-C4 has been demonstrated (Tso & Lee, 1982b; Higgins & Morris, 1985; Kim et al, 1985; Whaley et al, 1986; Giridharan et al, 1987) . Studies on the biochemical mechanism of action of gossypol cannot readily be carried out using the in-vitro model of tubular fragments, described by Den Boer & Grootegoed (1988) . These frag¬ ments contain Sertoli cells and spermatogenic cells at different stages of their development, and it is difficult to determine the primary target cell. In the present experiments, isolated round spermatids from hamsters were used to study the mechanism of action of gossypol. The effects of ( + )and ( -)-gossypol on the ATP content, the metabolism of radioactively labelled lactate, and the LDH-C4 enzyme activity were estimated.
The incubation conditions for isolated round spermatids include the presence of serum albumin in the incubation medium (Grootegoed et al, 1977) . This introduces a complicating factor, because gossypol reacts strongly with cellular and extracellular proteins (Conkerton & Frampton, 1959; Damaty & Hudson, 1975) . Gossypol binds to a high-affinity binding site on serum albumin (Royer 6 Vander Jagt, 1983) , forming a complex in a molecular ratio 1:1 (Maliwal et al, 1985) . The binding of gossypol to albumin reduces the free effective concentration of gossypol (Haspel et al, 1984) . This action of extracellular proteins plays an important role in the present experiments.
Materials and Methods
Isolation of round spermatids from hamsters. Round spermatids from 32-34-day-old golden hamsters (Mesocricetus auratus) were isolated by velocity sedimentation at unit gravity (STA-PUT) and further purified by Percoll-gradient centrifugation, using the same methods as described for the isolation of rat spermatogenic cells (Grootegoed et al, 1986 ). The only modification was that the Percoli gradients were formed by centrifugation of 33% (v/v) Percoli (Pharmacia, Uppsala, Sweden) instead of 30%. The isolated cells were incubated in Dulbecco's phosphate-buffered saline, supplemented with 6 mM-sodium L-lactate and 5-6 mM-glucose (PBS-GL), at 32°C in air. The PBS-GL also contained antibiotics (Grootegoed et al, 1985) . Bovine serum albumin (BSA, fraction V, Sigma Chemical Company, St Louis, MO, U.S.A.) was added as indicated for the different experiments. Approximately 0-3 IO6 cells were incubated in a volume of 0-25 ml in 3-ml plastic tubes, unless indicated otherwise.
Gossypol treatment. Racemic ( + / -)gossypol acetic acid and the pure phenols ( + )and ( -)-gossypol were obtained and dissolved in ethanol as described by Den Boer & Grootegoed ( 1988) . The maximal final concentration of ethanol in the incubations was 0-5%, and this amount of ethanol was also added to the control incubations.
Estimation of cellular ATP content. The cellular ATP content of the spermatids was estimated using the bioluminescent firefly luciferin-luciferase reaction (Lumac) as described by Grootegoed et al (1984) , and a model 6100 Pico-Lite Luminometer (Packard).
Estimation of LDH-C4 activity. To estimate the LDH-C4 activity of the isolated round spermatids, 6 incubations of 0-3 x 106 cells in 0-25 ml were pooled. Of this pooled suspension, 0-25 ml was used for the estimation of the cellular ATP content and 1-25 ml was used to estimate LDH-C4 activity, as follows. The cells were centrifuged (5 min, 200 g), the supernatant was discarded and the cell pellet suspended in 1 ml water. The lysed cells were sonicated for 5 sec at 7 µ (MSE 150 Watt Ultrasonic disintegrator, 20 kHz), and frozen. After thawing and centrifugation (15 min, 10 000 g), the supernatant was used for estimation of the activity of LDH-C4 as described by Den Boer & Grootegoed (1988) . The results were expressed as international units (U) of enzyme activity per 106 cells. a-Ketoisovalerate (Sigma) was used as a substrate (Den Boer & Grootegoed, 1988) . Estimation of ' * CO 2 formation. To estimate the conversion of L-[U-14C]lactate to 14C02, the spermatids were incubated as described, in the presence of 0T µ l-[U-' 4C]lactate (sp.act. 161 Ci/mol; Amersham International, Bucks, U.K.) and 3 mM-sodium L-lactate. After 18 h of incubation, the amount of 14C02 produced was estimated essentially as described by Grootegoed et al (1984) .
Results

Effect of cell number per incubation
Different numbers of spermatids were incubated in 1 ml PBS-GL, for 1 h in the absence or presence of 0-5nmol (0-5 µ ) racemic gossypol acetic acid. In the absence of gossypol, the ATP content of the cells was not influenced by the number of cells per incubation (Fig. 1 ). An effect of gossypol on the ATP content was observed only at the lower cell numbers (Fig. 1 ). This effect of gossypol represents a short-term effect in the absence of extracellular proteins. Under these incubation conditions, the number of cells per given amount of gossypol is probably very important for the evaluation of the toxic effect of gossypol. If the cell number is increased, there is less gossypol available per cell. The presence of albumin in the incubation medium could prevent rapid accumulation of gossypol in the cells and quantitative binding of gossypol to cellular proteins (see below). spermatids decreased to 012 ± 0-10 nmol/106 cells (starting value 1-80 ± 0-25 nmol/106 cells). The spermatids could effectively maintain their ATP content during 18 h of incubation in the presence of albumin concentrations of 0010% (w/v) or higher (not shown).
Effect of (
In subsequent experiments, the isolated spermatids were incubated for 18 h in PBS-GL containing 002% or 010% (w/v) BSA, in the presence of different concentrations of ( + )or ( -)-gossypol. The results presented in Fig. 2 figure) .
Time-course of the effect ofgossypol A concentration of 4µ ( + )-and ( -)-gossypol was used, in combination with 010% BSA, to study the time-course of the effect of gossypol on the ATP content of round spermatids. There was no effect ofeither gossypol enantiomer during the first 8 h of incubation (Fig. 3 ). However, thereafter the ATP content of the cells incubated in the presence of ( -)gossypol slowly declined, whereas no inhibitory effect of ( + )gossypol on ATP synthesis was evident up to 18 h of incubation (Fig. 3 ).
Effect of ( + )-and ( -) -gossypol on LDH-C4 The effect of gossypol on the enzyme kinetic parameters (Michaelis-Menten constant Km and maximal initial velocity fMI) of LDH-C4 was estimated after long-term incubation of the cells in the presence of gossypol. Isolated spermatids were incubated for 18 h in PBS-GL, in the presence of 4 µ ( + )or ( -)-gossypol and 010% BSA. The cells incubated in the presence of gossypol had an intact plasma membrane (microscopic observation) and could be collected by low-speed centrifugation. The kinetic parameters of the cellular LDH-C4 were not altered after incubation of the cells in the presence of gossypol (Table 1 ). This result indicates that the ( -)-enantiomer of gossypol did not affect LDH-C4 activity in incubation conditions in which a pronounced inhibition of ATP production was observed (Table 1) .
Effect ofgossypol on the metabolism of L-[U-l4C]lactate
To study the effect of gossypol on lactate oxidation by spermatids, the production of 14C02 from L-[U-14C]lactate was estimated (Grootegoed et al, 1984 (Fig. 4) . However, the ATP content of the cells which had been incubated in the presence of ( -)gossypol was very low (Fig. 4 ).
Carbonyl cyanide 4-trifluoromethoxyphenylhydrazone (FCCP) is a very potent uncoupler of oxidative phosphorylation in mitochondrial systems (Heytler & Prichard, 1962) . A low concen¬ tration of this compound (0-3 µ ) had a pronounced effect on the metabolism of the spermatids.
After 18 h of incubation in the presence of FCCP, the ATP content of the cells was close to zero.
However, the amount of 14C02 produced during this incubation was very high, compared to the control incubations and the incubations in the presence of gossypol (Fig. 4) . 
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Isolated round spermatids from hamsters were incubated for 18 h in PBS containing 010% BSA, in the presence of 4 µ ( + )or ( -)-gossypol. Subsequently, the initial reaction velocities of cellular LDH-C4 were measured. Double-reciprocal plots of the enzyme kinetics showed a r > 0-99 by linear regression analysis. Data on the initial velocity at 1-2 mM a-keto-isovalerate and ATP content represent the mean + s.d. of triplicate incubations.
Discussion
The present study concerns long-term effects of low doses of ( + )-and ( -)-gossypol on isolated round spermatids from hamsters, and aimed to investigate the biochemical mechanism of gossypol action on the spermatids. When cells or tissues are incubated in the absence of extracellular proteins, racemic gossypol added to the incubation medium rapidly and quantitatively binds to cells (Haspel et al, 1984) . The present results showed that, in short-term experiments in the absence of extracellular proteins, the gossypol-induced inhibition of ATP synthesis in isolated spermatids was abolished when the number of cells per incubation was increased. This indicates that ATP synthesis inhibition is dependent on the amount of gossypol per cell. This has also been observed for rat spermatozoa (Stephens et al, 1983) . Therefore, it is concluded that the number of cells and the total amount of gossypol in the incubations are much more relevant than the concentration of gossypol. In the present incubation system, using isolated spermatids in medium containing albumin, gossypol can bind to extracellular and cellular proteins. In the experiments on the mechanism of action of gossypol, 4µ ( + )or ( -)-gossypol were used in combination with 0-10% BSA. This resulted in a [gossypol]/[albumin] ratio of < 1, and a low concentration of free gossypol (approxi¬ mately 002 µ , as calculated from the Kd; Sampath & Balaram, 1986). The present results indicate that ( -)gossypol under these conditions can slowly but progressively accumulate in the cells. Concomitantly, gossypol may become bound to cellular components, possibly one or several pro¬ teins that bind gossypol stronger than albumin. The interaction of ( -)gossypol with the cellular proteins might be stereospecific, resulting in inhibition of the biological activity of the proteins. There is apparently no such specific interaction of ( + )gossypol with cellular components. It is not very likely that the preferential effect of ( -)gossypol is explained by a relative weak binding of this enantiomer to albumin, because it has been observed that the ( + )-and ( -)-enantiomers bind equally effective to BSA (Sampath & Balaram, 1986) .
The described effect of ( -)gossypol on the ATP content of the spermatids was evaluated in relation to possible effects of gossypol on LDH-C4. The lactate dehydrogenase isoenzyme LDH-C4, which appears to be a key enzyme in the metabolism of the male germ cells, has been proposed as a potential site of action for the antifertility effect of gossypol (Tso & Lee, 1982b; Olgiati & Toscano, 1983; Kim et al, 1985; Whaley et al, 1986) . In these studies, crude or purified preparations of LDH-C4 were treated with gossypol which resulted in inhibition of the enzyme. Higgins & Morris (1985) have observed an effect of gossypol on the Km of LDH-C4, after adminis¬ tration of gossypol to hamsters. However, these authors have used the substrate a-ketobutyrate to estimate the kinetic parameters of the LDH-C4 reaction, and it has been observed that the enzyme reaction with this substrate is not described by the Michaelis-Menten equation (Den Boer & Grootegoed, 1988) . The possibility that the effect of gossypol on spermatogenesis could involve an effect on LDH-C4 is contradicted by the present results. The kinetic parameters Km and Fmax of the enzyme in the spermatids were not altered after 18 h of incubation in the presence of gossypol, whereas the ATP content was low. This indicates that LDH-C4 is not the primary target of gossypol action on cellular ATP production. The next step in the present study was the estimation of the effects of ( -)gossypol on the metabolism of lactate by round spermatids. The production of 14C02 from L-[U-14C]lactate involves the conversion of lactate to pyruvate, catalysed by LDH isoenzymes including LDH-C4, and the subsequent mitochondrial oxidation of pyruvate via the pyruvate dehydrogenase complex and the citric acid cycle. C02 production was not affected by gossypol, indicating that the mito¬ chondrial pyruvate oxidation was not inhibited by gossypol. Conversion of pyruvate to C02 is linked to oxidation of NADH via the mitochondrial electron transport chain. Therefore the results indicate that the electron transport chain is not inhibited. Kim & Waller (1984) observed strong inhibition of the electron transport chain by gossypol, but this was an effect of ( + )gossypol at very high concentrations. The work of Wichmann et al (1983) showed inhibition of the citric acid cycle by gossypol in spermatozoa. This is not in agreement with the present findings, but the discrepancy may be explained by the fact that the studies on spermatozoa were short-term experiments in which racemic gossypol was added to the cells in the absence of extracellular proteins. As described above, under such conditions a rapid accumulation of gossypol in the cells may occur. This may lead to interactions with many different proteins which are not specific for the two enantiomers. A possible mechanism for the action of gossypol on ATP production involves an effect of gossypol on the coupling between mitochondrial electron transport and ATP synthesis (Abou-Donia & Dieckert, 1974; Tso & Lee, 1982a; Reyes et al, 1984) . In the presence of an H """-conducting uncoupling agent, NADH oxidation and electron transport are not inhibited, but ATP production is impaired because no proton gradient can be established across the inner mitochondrial membrane. Rather, the proton-motive force is dissipated, and there is a loss of respiratory control. Concomitantly, the rate of substrate oxidation can be increased. The present results on [14C]lactate metabolism indicate that such effects were brought about by incubation of the spermatids in the presence of the H+-conducting uncoupler FCCP. However, the effects of gossypol and FCCP were different, in that gossypol did not cause an increased rate of lactate oxidation. A possible explanation is that, under the present incubation conditions, gossypol does not act as an uncoupler by dissipating proton gradients across membranes. It has not been shown that the H + -conducting activity of gossypol is different for the ( + )-and ( -)-enantiomers (Reyes et al, 1984) . The present results seem to indicate that ( -)gossypol inactivates mitochondrial proteins which are directly involved in ATP synthesis. The inactivation could involve high affinity binding of ( -)gossypol.
There are no indications that there is a germ cell-specific interaction of ( -)gossypol with mitochondrial proteins. The cytotoxic effect of ( -)gossypol is much more pronounced than that of the ( + )-enantiomer for other cell types, such as hepatoma cells and skin fibroblasts (Joseph et al, 1986) . The seemingly specific effect of ( -)gossypol on spermatogenic cells and spermatozoa in vivo may be explained by the very high sensitivity of these cell types to inhibition of mitochondrial function (Grootegoed et al, 1984) .
